Acid resistance of Mycobacterium paratuberculosis was examined as a function of growth conditions (i.e., in vitro growth medium and pH). M. paratuberculosis was cultured in either fatty acid-containing medium (7H9-OADC) or glycerol-containing medium (WR-GD or 7H9-GD) at two culture pHs (pHs 6.0 and 6.8). Organisms produced in these six medium and pH conditions were then tested for resistance to acetate buffer at pHs 3, 4, 5, and 6 at 20°C. A radiometric culture method (BACTEC) was used to quantify viable M. paratuberculosis cell data at various acid exposure times, and D values (decimal reduction times, or the times required to kill a 1-log 10 concentration of bacteria) were determined. Soluble proteins of M. paratuberculosis grown under all six conditions were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to identify proteins that may be associated with acid resistance or susceptibility. The culture medium affected growth rate and morphology: thin floating sheets of cells were observed in 7H9-OADC versus confluent, thick, waxy, and wrinkled pellicles in WR-GD. Culture medium pH affected growth rate (which was highest at pH 6.0), but it had little or no Mycobacterium paratuberculosis, also known as Mycobacterium avium subsp. paratuberculosis, is the cause of Johne's disease, a widespread chronic granulomatous inflammatory bowel disease of dairy cattle and other ruminants (5, 6, 40) . Several reports indicate a significant association of M. paratuberculosis with a similar inflammatory bowel disease of humans called Crohn's disease (2, 7, 11, 16, 23, 28) . Whether this is a causal association remains controversial (17, 41).
Mycobacterium paratuberculosis, also known as Mycobacterium avium subsp. paratuberculosis, is the cause of Johne's disease, a widespread chronic granulomatous inflammatory bowel disease of dairy cattle and other ruminants (5, 6, 40) . Several reports indicate a significant association of M. paratuberculosis with a similar inflammatory bowel disease of humans called Crohn's disease (2, 7, 11, 16, 23, 28) . Whether this is a causal association remains controversial (17, 41) .
There are a number of routes for human exposure to M. paratuberculosis. Foods of animal origin (and dairy products in particular) have received the most attention. Consequently, the ability of M. paratuberculosis to resist heat (such as during pasteurization) and chemical factors important in food preservation (such as low pH and high salt concentration) has become important in the field of M. paratuberculosis research (13-15, 19, 30, 34, 36, 37) .
We previously reported rates of survival of M. paratuberculosis in a soft white Hispanic-style cheese made from M. paratuberculosis-spiked milk (37) . The decimal reduction times (D values [i.e., times required for a 1-log 10 reduction in viable counts]) were 36.5 and 59.9 days for cheese made from heattreated and non-heat-treated M. paratuberculosis-spiked milk, respectively. Similar D values for M. paratuberculosis in Swiss hard (27.8 days) and semihard (45.5 days) cheeses were reported by Spahr and Schafroth (34) .
Low pH appeared to be one of the factors in cheese production that are important in affecting M. paratuberculosis survival (37) . The present study was undertaken to further characterize acid resistance of M. paratuberculosis and determine the degree to which in vitro culture conditions affect the outcome of pH resistance studies.
MATERIALS AND METHODS
M. paratuberculosis strains. Three bovine M. paratuberculosis strains were used: two bovine clinical strains (JTC 114 and JTC 303) and one bovine laboratory-adapted strain (ATCC 19698) . The clinical strains were isolated in our laboratory from Holstein cows with paratuberculosis and verified by PCR for presence of IS900 and dependency for growth on mycobactin, an iron-chelating agent.
Culture media. The three liquid culture media used in this study were those commonly used for mycobacterial growth and were modified by the addition of 0.0002% (wt/vol) mycobactin J (Allied Monitor Inc., Fayette, Mo.) to support the growth of mycobactin-dependent M. paratuberculosis. Table 1 lists the composition of each medium in detail, but the primary difference among them was the carbon source: oleic acid (C 17 H 33 COOH) for the 7H9-OADC medium and glycerol for the WR-GD and 7H9-GD media. The 7H9-OADC medium was Middlebrook 7H9 medium (Difco, Detroit, Mich.) enriched with 10% (vol/vol) oleic acid-albumin-dextrose-catalase (OADC; Difco), and the WR-GD medium was modified Watson-Reid medium (29) . The 7H9-GD medium was Middlebrook 7H9 medium (Difco) enriched with 6.3% (vol/vol) glycerol and 1.0% (wt/vol) D-dextrose.
M. paratuberculosis seedlots. All M. paratuberculosis strains were grown for 4 months at 37°C in 7H9-OADC (pH 6.8), WR-GD (pH 6.0), or 7H9-GD (pH 6.8) medium. The cultures were then centrifuged at 30,000 ϫ g for 10 min, and the cell pellets were washed three times with 30 ml of 10 mM PBS (pH 6.8) by centrifugation (30,000 ϫ g for 10 min). The M. paratuberculosis cell suspensions were homogenized with an overhead stirrer (Wheaton Instruments, Millville, N.J.) for 4 min on ice to break up large clumps of cells. The resulting suspensions were predominantly composed of small clumps and single cells of M. paratuberculosis (36) . The homogenized cell suspensions were enumerated by a radiometric culture method (BACTEC) as explained below, stored in multiple small aliquots at Ϫ70°C, and used as the seedlots for subsequent production of M. paratuberculosis cells under the specified culture conditions studied.
Growth curves. Growth curves for M. paratuberculosis were obtained for cultures grown in 7H9-OADC or WR-GD medium at pH 6.0 or 6.8 and adjusted using either 1 N HCl or 1 N NH 4 OH. Each medium (35 ml) was placed in a 250-ml tissue culture flask (Costar, Cambridge, Mass.) (75-cm 2 canted neck), and 0.1 ml of M. paratuberculosis seedlot, originating from the same type of culture medium, was inoculated in the flasks (starting concentration, approximately 10 4 cells/ml). Culture flasks were sealed and incubated at 37°C without shaking. Two culture flasks were taken at each sampling time to measure the optical density (OD). To do this and avoid problems caused by extensive clumping of M. paratuberculosis cells, M. paratuberculosis was harvested and washed three times with 30 ml of 10 mM PBS (pH 6.8) by centrifugation (30,000 ϫ g for 10 min). The washed cell pellets were homogenized as explained above and resuspended to the original culture medium volume (35 ml) with 10 mM PBS (pH 6.8). The OD was then measured at 630 nm. Growth curves were obtained using nonlinear regression analysis (Prism version 3.0; GraphPad Software, Inc., San Diego, Calif.) by plotting the OD values versus incubation time in days.
Menstruum. Acetate buffer (50 mM) was adjusted (using 10 mM acetic acid and 10 mM sodium acetate) to four different test pH levels (3.0, 4.0, 5.0, and 6.0). These were used as working menstruums under acidic conditions for the M. paratuberculosis survival experiments. Changes in menstruum pH after autoclaving were made in units of Ͻ0.1 pH. Each working menstruum (9 ml) was placed in sterilized Wheaton glass vials (3 by 6 cm). During acid resistance tests the pH values of each menstruum were monitored (pH meter 125; Corning, Charlotte, N.C.) throughout the trial period.
Survival of M. paratuberculosis in acidic conditions. Early-stationary-phase M. paratuberculosis cells from each of the six sets of culture medium conditions (i.e., 7H9-OADC, WR-GD, or 7H9-GD medium at pH 6.0 or 6.8) were harvested, washed, and homogenized. They were then exposed to each of four pH levels.
Specifically, 1 ml of M. paratuberculosis cells was added to the Wheaton vials containing 9 ml of the working menstruum to achieve a final concentration of approximately 10 6 cells/ml. The Wheaton vials were sealed with sterile rubber septa and incubated at 20°C. After 0, 7, 14, 28, 56, and 85 days of incubation, two Wheaton vials from each treatment were selected and vortexed for 1 min. Duplicate aliquots (0.25 ml) were then obtained from each vial to enumerate viable M. paratuberculosis cells.
Enumeration methods. Viable M. paratuberculosis cell numbers were estimated using a radiometric culture method (BACTEC) as previously described (36, 37) . At each sampling time, the aliquots (0.25 ml) were inoculated into commercial BACTEC 12B bottles (Becton Dickinson Microbiologic Systems, Sparks, Md.) containing 1.0 ml of egg yolk suspension (Difco) and 0.1 ml of mycobactin J solution (Allied Monitor Inc.) (40 g/ml). The bottles were incubated at 37°C without agitation and read on a BACTEC 460 instrument without CO 2 daily for 80 days. The BACTEC 460 instrument measures 14 CO 2 gas produced by the metabolism of [
14 C]palmitate in the medium of the commercial BACTEC 12B bottles. From the total amount of CO 2 gas produced (expressed as the cumulative growth index), the number of M. paratuberculosis cells inoculated into each vial is estimated by comparison to a standard growth model described by the following equation (22):
where Y is the cumulative growth response in units of 14 D value. The D value was calculated from the slope of the best-fit line as graphically determined by plotting the log 10 of the number of M. paratuberculosis survivors per milliliter versus exposure time for each pH tested, as previously described (36, 37) . The best-fit lines were calculated by a linear regression analysis (Prism version 3.0; GraphPad Software, Inc.).
Statistical analysis. Linear regression of inactivation curves for D value were determined on the basis of the concepts presented by Chatterjee and Price (3) and Draper and Smith (8) . Differences among slopes of inactivation curves were analyzed using Prism software (GraphPad Software, Inc.) as previously described (36, 37) . P values of Ͻ0.05 were considered significant.
Soluble proteins extracted from the cell pellet. Early-stationary-phase M. paratuberculosis cells from the three culture media at two pH levels were pelleted and washed three times by centrifugation at 30,000 ϫ g for 10 min with 30 ml of phosphate-buffered saline (10 mM, pH 6.8) containing 0.05% (vol/vol) protease inhibitor cocktail (Sigma, St. Louis, Mo.). Cell pellets were disrupted using glass beads (Glasperlen [0.10 to 0.11 mm in diameter]) and a cell homogenizer (model MSK; Braun Instruments, Burlingame, Calif.). Homogenization was performed for 5 min with discontinuous cooling by liquid CO 2 . After homogenization, the glass beads were recovered by centrifugation at 1,500 ϫ g for 10 min. The homogenate was then transferred to another sterile tube and centrifuged at 30,000 ϫ g for 1 h at 4°C. The supernatant of soluble proteins was concentrated (using Centriprep centrifuge PM-3 concentrators; Amicon, Beverly, Mass.) and filter sterilized (using Millipore filters [0.2-m pore size]). Protein concentrations were determined with a bicinchoninic acid assay (Protein Assay kit; Pierce, Rockford, Ill.) (32, 33) . Soluble protein extracts were stored at Ϫ70°C.
SDS-PAGE. The soluble protein extracts were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with commercial precast gels (Jule Biotechnologies, Inc., Milford, Conn.) under reducing conditions as described by Laemmli (21) . Protein samples (30 g) were mixed with Laemmli sample buffer (Bio-Rad, Hercules, Calif.) containing 200 mM dithiothreitol, boiled for 10 min, and loaded to each lane of the gradient gels. The gradient gels (10 to 20% [wt/vol] polyacrylamide; 1.5 mm thick; 16 by 18 cm) were placed in a vertical electrophoresis apparatus (Hoefer SE600; Amersham Pharmacia Biotech, Piscataway, N.J.). Gels were electrophoresed for 15 h at 15 mA per gel, and the protein bands were visualized by Coomassie brilliant blue staining.
Analysis and documentation of gels. The Coomassie brilliant blue-stained SDS-PAGE gels were digitized (Digital Imaging System EDAS 290; Kodak, Rochester, N.Y.) to generate the protein band profiles. Each protein band was quantified for molecular net intensity, and the molecular weights were established (using computer software [1D image analysis software; Kodak, N.Y.]) on the basis of mobility compared to that of standard molecular weight markers (Bio-Rad). 
RESULTS
Growth of M. paratuberculosis in 7H9-OADC and WR-GD media. When grown in 7H9-OADC medium, cultures of M. paratuberculosis started as submerged granules. After roughly 20 days of incubation, log-phase growth began and the size of the submerged granules increased. At the commencement of the stationary-growth phase (at approximately 60 days of incubation), thin floating sheets of M. paratuberculosis cells, resembling sheets of ice on a lake, appeared on the surface of the broth cultures containing the submerged granules. A shorter lag phase, a higher growth rate, and larger M. paratuberculosis cell masses were observed in 7H9-OADC medium at pH 6.0 than at 6.8 (Fig. 1A) . The beige color of M. paratuberculosis cultures growing in 7H9-OADC medium differed little regardless of medium pH or growth phase (Fig. 1C) .
The appearance and rate of growth of M. paratuberculosis in WR-GD medium were remarkably different from those in 7H9-OADC, but the lag phase was longer: 40 and 60 days in WR-GD at pH 6.0 and 6.8, respectively. M. paratuberculosis again formed submerged granules during the lag phase; however, in this medium yellow floating cells began forming in the early log phase of growth. The stationary-growth phase in WR-GD medium at pH 6.0 and 6.8, respectively, was reached at 110 and 130 days (Fig. 1B) . At this stage of growth a con- fluent, thick, wax-like, yellow, floating pellicle covered the surface of the medium (Fig. 1D) . As was seen with 7H9-OADC medium, when the medium was at pH 6.0 versus 6.8 M. paratuberculosis cultures grew faster during log-phase growth and produced a larger cell mass. Acid resistance. However, when M. paratuberculosis was cultured in WR-GD medium, no significant (P Ͼ 0.1) difference in acid resistance was found between the ATCC and the clinical strains (data not shown). Culture medium pH had no significant effects on acid resistance of M. paratuberculosis. That is, although M. paratuberculosis exhibited faster growth and more abundant cell mass production at pH 6.0 than at 6.8 in both 7H9-OADC and WR-GD media (Fig. 1) , the D values for M. paratuberculosis bovine clinical strains grown at pH 6.0 or 6.8 in all media used were not significantly different at any test pH (P Ͼ 0.1) except in 7H9-OADC medium at test pH 3 (P Ͻ 0.05) (data not shown).
Average D values for the clinical strains of M. paratuberculosis are shown in Table 2 . M. paratuberculosis survival was shorter at lower test pH levels, with D values ranging from 2.5 days at test pH 3 to 25.9 days at test pH 6. As the test pH increased, so did the D values in 7H9-OADC and 7H9-GD media but not in WR-GD medium: a 1-U increase in test pH in 7H9-OADC and 7H9-GD media resulted in an approximate doubling of D values. M. paratuberculosis produced in WR-GD medium consistently had lower D values than did M. paratuberculosis produced in 7H9-OADC medium regardless of the growth medium pH.
As described above, glycerol and dextrose (GD) were substituted for OADC in the 7H9 formulation, resulting in 7H9-GD medium. The D values for M. paratuberculosis strain JTC 303 in 7H9-GD were unaffected by the culture medium pH ( Table 2 ). The D values for M. paratuberculosis strain JTC303 produced in 7H9-GD in two culture pH conditions were significantly (P Ͻ 0.02) lower than those for the strain in 7H9-OADC medium in all test pH conditions. However, the D values in 7H9-GD medium were significantly lower at test pH 3 (P Ͻ 0.02), the same at test pH 4 (P Ͼ 0.2), and higher at test pH 5 (P Ͻ 0.05) compared to those of M. paratuberculosis grown in WR-GD medium. SDS-PAGE protein profiles. Multiple protein expression differences were seen. These differences were correlated with the type of M. paratuberculosis culture medium. WR-GD medium supported the highest number of protein bands: 45, 55, and 40 bands were found when stationary-growth-phase M. paratuberculosis strain JTC303 was cultured in 7H9-OADC, WR-GD, and 7H9-GD media, respectively (Fig. 3) .
Three prominent proteins (70.0, 23.1, and 11.3 kDa) were seen in stationary-growth-phase M. paratuberculosis cells produced in all media at both culture pHs 6.0 and 6.8. No notable differences in protein expression profiles between culture medium pHs were observed, except that expression for the 34.2-kDa protein in 7H9-OADC medium was higher at pH 6.8 than at 6.0.
Expression of two proteins (56.5 and 41.3 kDa) appeared to be up-regulated in both glycerol-containing media (WR-GD and 7H9-GD) compared to that seen with 7H9-OADC medium. The relative intensities for another two proteins (28.6 and 19.1 kDa) were about 1.5-fold higher in 7H9-OADC and 7H9-GD media than in WR-GD medium. One protein of low molecular mass (14.0 kDa) was highly expressed in the fatty acid-based medium (7H9-OADC) compared to the expression levels seen with the glycerol-based media (WR-GD and 7H9-GD). Expression (higher at culture pH 6.8 than at 6.0 in 7H9-OADC medium) of a 34.2-kDa protein was down-regulated in the glycerol-based media (WR-GD and 7H9-GD).
DISCUSSION
The growth rate, quantity, and visual appearance of M. paratuberculosis cultured in 7H9-OADC were strikingly different from those observed when the organism was grown in WR-GD medium (Fig. 1) . These observations correlate well with reports on other mycobacteria; for the growth of Mycobacterium phlei (39) and Mycobacterium tuberculosis (25) , glycerol-containing media supported higher levels of pellicle formation than did media in which glucose was the sole carbon source. Defining the optimal ingredients and pH for a growth medium for the cultivation of an organism depends upon the objective. Common objectives include early growth detection (important for infection diagnosis by culture), maximum growth rate during log phase, and maximum cell yield (important for vaccine or antigen production). We found that 7H9-OADC medium at pH 6.0 was optimal for diagnosis by cultures, since among the culture conditions we tested, these supported the fastest growth rate for M. paratuberculosis. However, since WR-GD medium at pH 6.0 supported the highest level of cell mass production, it may represent the optimal conditions (when the necessary antigens are present in the medium) for vaccine and antigen production of M. paratuberculosis.
Culture medium composition clearly affects the physiology of M. paratuberculosis and influences acid resistance in vitro. No previous study has shown the impact of culture medium on acid or thermal resistance of M. paratuberculosis. The study of Spahr and Schafroth investigating M. paratuberculosis survival in cheese used Middlebrook 7H9-OADC medium supplemented with 0.5% (vol/vol) glycerol (34) . The thermal resistance of M. paratuberculosis had been previously reported but with widely different results for growth of the organism in different types of medium such as 7H9 medium (35) , 7H9-ADC medium (30), 7H9-OADC medium (19, 36, 37) , 7H9-OADC medium supplemented with 0.5% (vol/vol) glycerol (13) , and WR-GD medium (18) . Klijn et al. (20) and Lund et al. (26) reviewed possible reasons for the differences between these results and those from previously published thermal resistance studies of M. paratuberculosis. Although they delineated many critical factors influencing results of the thermal resistance studies (such as application of heat, preparation of inoculum, disruption of clumping, and recovery methods after heat treatment), the effect of culture medium on the production of M. paratuberculosis was not mentioned. In the present report, we have shown that in the vitro culture medium significantly influenced the growth rate, the acid resistance, and the cellular protein expression of M. paratuberculosis.
Results indicate that laboratory-adapted strains such as M. paratuberculosis ATCC 19698 may behave somewhat differently from low-passage-number clinical strains when cultured in 7H9-OADC medium and thus may not be the best strains to use for in vitro studies designed to predict the survival rates of organisms subjected to various food processing methods. Differences in the thermal tolerance of laboratory and clinical M. paratuberculosis strains were previously observed (4, 36) . D values for the two clinical strains in the present study were not significant at any test pH.
Excepting the results seen with 7H9-OADC medium at test pH 3, the culture medium pH did not significantly affect survival of M. paratuberculosis subjected to low pH regardless of the culture medium used to produce the organism for testing. Instead, the medium composition affected pH survival characteristics.
M. paratuberculosis cultured in WR-GD medium was more susceptible to the lethal effects of low pH (lower D values) than was the organism after growth in 7H9-OADC medium. The presence of glycerol in the medium apparently affected the acid resistance of M. paratuberculosis. This finding differs from what would be expected, in that glycerol has been reported to increase the acid-fast staining intensity, cell wall lipid content, and antimicrobial resistance of mycobacteria, presumably by fostering production of a thicker, more impervious cell wall (9, 10, 25, 31, 39) .
M. paratuberculosis was relatively resistant to killing by acidic conditions. The average D values for bovine clinical M. paratuberculosis strains grown in 7H9-OADC medium and tested at pHs 4, 5, and 6 were 11.6 Ϯ 0.6, 17.3 Ϯ 1.9, and 24.5 Ϯ 2.1 days, respectively. These D values are very similar to those we reported previously for 7H9-OADC medium (pH 6.8)-grown M. paratuberculosis (37) but higher than those previously reported for other bacterial pathogens. Acid survival D values for Yersinia enterocolitica O:3 were from 0.4 to 0.6 days at test pH 4 (24) , and D values reported for Listeria monocytogenes were 0.5, 1.2, and 3.6 days at test pH 4, 5, and 6, respectively (1) .
Protein profiles of M. paratuberculosis in the present study suggest a possible association of certain up-regulated proteins and acid resistance. The association of protein expression with acid resistance has been observed in other bacteria, including mycobacteria (12, 27, 29, 38) . For example, Brucella melitensis, an intracellular pathogen, exhibited 15 up-and 18 down-regulated protein spots on two-dimensional gels when exposed to pH 5.5 (38) . In addition, O'Brien et al. (29) showed that after adapting Mycobacterium smegmatis to pH 5.0, survival after challenge with a lethal pH of 3.5 was dependent on protein synthesis. It is not clear whether M. paratuberculosis also possesses the adaptive acid resistance response, since the organism (when cultured at pHs 6.0 and 6.8 in both 7H9-OADC and WR-GD media) had statistically the same D values at all test pHs. Instead, medium composition differences between the 7H9-OADC and WR-GD media used for production of M. paratuberculosis cells appeared to be the largest single determinant of organism acid resistance, with 7H9-OADC-grown M. paratuberculosis being the most acid resistant.
Comparison of SDS-PAGE protein profiles of M. paratuberculosis grown in 7H9-OADC and WR-GD media revealed four up-regulated proteins in 7H9-OADC (34.2, 28.6, 19.1, and 14.0 kDa). Substitution of GD for OADC in the 7H9 medium formulation reduced M. paratuberculosis resistance to the same low level as that seen with M. paratuberculosis grown in WR-GD medium. Two of the four aforementioned 7H9-OADC up-regulated proteins (namely, 28.1 and 19.1 kDa) were also up-regulated in the 7H9-GD medium. The 34.2-and 14.0-kDa proteins may be associated with higher acid resistance of M. paratuberculosis and are deserving of further study. Two other proteins up-regulated in glycerol-containing media (56.6 and 41.3 kDa) may be associated with lower acid resistance.
In summary, M. paratuberculosis is quite resistant to acidic environments, but the level of resistance is affected by in vitro culture conditions. Acid resistance of low-passage-number clinical strains may be more reflective of naturally occurring M. paratuberculosis than of laboratory-adapted strains. Additionally, acid resistance measurements in vitro may not reliably predict the survival curves of M. paratuberculosis in foods that depend on acidic conditions to control microbial growth, as we observed previously (37) . Hence, multiple factors must be considered when designing in vitro acid resistance studies in hopes of extrapolating results to food. Lastly, this work provides interesting leads for specific M. paratuberculosis proteins that may be involved in acid resistance or susceptibility.
